The oxidation of pyrite in acid sulfate soils (ASS) produces high concentration of strong acid (H 2 SO 4 ) in the soil. The acid reacts with soil minerals and dissolves aluminum and other acid-soluble metals. During rainfall, they are flushed and discharged into terrestrial and aquatic environments. The authors examined the chemical characteristics of the runoffs from ASS in Arashiyama and in Ooshitai, which are located in the northern part of Okinawa Island and evaluated their potential effects on surrounding environments.
The oxidation of pyrite in acid sulfate soils (ASS) produces high concentration of strong acid (H 2 SO 4 ) in the soil. The acid reacts with soil minerals and dissolves aluminum and other acid-soluble metals. During rainfall, they are flushed and discharged into terrestrial and aquatic environments. The authors examined the chemical characteristics of the runoffs from ASS in Arashiyama and in Ooshitai, which are located in the northern part of Okinawa Island and evaluated their potential effects on surrounding environments.
The results show that the runoffs were very acidic with pH range of 2.87 to 4.29, and minimum values were close to the pH values of the soils. The dominant species were SO 4 2-, Al 3+ , and Fe 2+ and they were well correlated with pH. The acidity of the runoffs caused dissolution of metals in the following order: Mn > Zn > Cu = Cd. The quality of runoffs was found to be poor and was mainly governed by the interaction of rain and soil. A comparison between the stream waters collected during rain event and on fine day showed a marked changes in stream water chemistry during rainfall as follows: alkalinity was reduced by 3.7 times, sulfate concentration was increased by 3 times whereas pH was decreased by 0.18 units. These changes are attributed to the contamination by runoff from ASS. Moreover brown flocky sediments were observed to have covered entire streambed at the discharging point. The chemical composition of the sediments shows that as those of runoffs, they were dominated by Fe, Al, and SO 4 . These results indicate that the sediments were mainly formed as the results of mixing runoffs and stream water. ritic sediments are known as acid sulfate soils (Dent, 1986) . The oxidation of pyrite produces high concentrations of ferrous ions, and sulfuric acid, which in turn attacks clay minerals and produces high concentrations of monomeric aluminum and other acid-soluble metals. Subsequent leaching of these toxic products into adjacent water bodies is rapidly increasing the stress on ecosystems. Drainage from acid sulfate soils has been associated with effects on plant growth (Moore and Patrick, 1991) , acidification of water bodies (Sammut et al., 1996; Nguyen Thanh Tin 
INTRODUCTION
Sulfidic sediments are formed as a part of the natural sulfur cycle in which sulfate from seawater is chemically reduced under anoxic condition catalyzed by microorganisms to insoluble sulfide or gaseous form. Sulfide reacts with iron in the sediments to form pyrite. Under reducing condition, the pyritic sediments remain stable, but when they are exposed to the air either by excavation, uplifting, lowering of sea level or drainage, the pyrite is oxidized. Oxidized and unoxidized py-and Wilander, 1995; Astrom and Bjorklund, 1995; Wilson et al., 1999; Cook et al., 2000) , and mortality of fish (Sammut et al., 1995) .
The occurrence of acid sulfate soils (ASS) in the northern area of Okinawa Island was reported by Kawasaki and Mekaru (1978) . They described the principal cause of the development of ASS as due to the land consolidation, which started extensively in the mid 1950's for the plantation of pineapples. The soils were derived from the formation of Mesozoic, Tertiary, Pleistocene and Holocene, which contained oxidizable sulfur compounds. In their study, they examined the effects of these soils on the growing of sugarcane, orange trees, and pineapples. The drainage water from ASS may have significant effects on both terrestrial and aquatic ecosystems. Furthermore the water in Okinawa is not directly discharged into estuarine environments, but rather into small streams with low buffering capacity. The purpose of the present study was to examine the characteristics of the runoffs and then to evaluate their potential effects on the surrounding terrestrial and aquatic environments.
MATERIALS AND METHODS

Study sites
The field survey conducted to observe the distribution of ASS in the northern area of Okinawa Island showed that in Arashiyama, the soil was brownish and much iron flocks appeared whereas in Ooshitai, it was darkish brown with less iron flocks. Brownish color indicates the presence of oxidized materials while darkish indicates presence of reduced materials (Dent, 1986) . These areas were selected to represent soils at different oxidation states (Fig. 1) . The average annual rainfall in Okinawa Island is 2,200 mm. The study areas have an elevation of 100 m above sea level. In Arashiyama, ASS is found within a relatively small area of about 60 m 2 about 500 m south of the seacoast and it is surrounded by acidic red soil (locally known as Kunigami mahji; Tokashiki, 1993) . The soil type is located beside the road and on the other side, there is a pineapple field. The runoffs from the ASS are discharged into the road drainage system, which is constructed by concrete.
The study area in Ooshitai is located 3.3 km east of seacoast and is transected by an asphalt road. The ASS occurs in both sides of the road in a relatively wide area (600 m 2 ) compared to Arashiyama. Drainage systems run on both sides of the road but they have been partially buried under the acid sulfate soil. The soil is located on a hill, at the bottom of which a small stream passes. The stream water flows from the southwest to the northeast. During rainfall, some amount of the acid sulfate soil runoff from the northeast side of the road crosses it and joins to that of the southwest side, then accumulate with other runoffs in a concrete pond before being discharged to the stream at that side. Another runoff from the northeast side is directly discharged to the stream at that side 50 m away toward northeast from the southwest runoff. The amount of runoff discharged at the southwest side of the bridge is much higher than that discharged at northeast side.
Sample collection and analysis
Samples of runoffs were collected during rainy day with precipitation of 2-10 mm. In Arashiyama, samples were collected at the beginning of rain. Seven samples (5 from ASS and 2 from acidic red soil) at different localities within and adjacent to the study site were intentionally collected to represent environments surrounding ASS. In addition to those samples, rainwater, drainage water (a mixture of runoffs from ASS, acidic red soil, and direct rain), and surface sample of acid sulfate soil were collected. The rainwater samples were collected by plastic bucket placed from the beginning of sampling until the end of collecting runoff samples.
In Ooshitai, samples were collected on the same day as in Arashiyama but 2 h after starting of the rain. Five samples were collected along the routes on which ASS runoffs flow. Three samples (OSH. No. 1 to 3) were adjacent to the ASS. Fourth sample (OSH. No. 4) was collected from a pond receiving acid sulfate soil runoffs after the first two samples (OSH. No. 1 and 2) cross asphalt road. Fifth sample (OSH. No. 5) was collected to represent the runoffs from the northeast side of the road. In order to assess the impacts of the runoffs on the discharging stream, a sample of stream water (Strw. 1) was collected at the discharging point of the northeast side. In addition to these samples, rainwater and acid sulfate soils from the surface and from 50 cm deep were collected.
For comparison, two additional samples of stream water were collected on a fine day. One sample (Strw. 2) was collected before the discharging point of the southwest side. Another sample (Strw. 3) was collected at the same point as Strw. 1. When runoff with low pH meets stream water with higher pH, neutralization reactions take place. This may result in the precipitation and deposition of chemical species at a confluent zone. To assess these processes, brown flocky sediments were collected on fine day at the discharging point of the northeast side.
Electrical conductivity (EC), pH and dissolved oxygen (DO) were measured in situ. Samples were collected in polyethylene bottles and they were then filtered through 0.45 µm Millipore cellulose filter. After filtration, each sample was divided into two parts for the analyses of cations and anions. Samples for cations analysis were preserved in 1%v/v of 1.42 sp. density HNO 3 . Supplementary samples for dissolved organic carbon (DOC) were collected in DO glass bottles, and they were then filtered through glass fiber filter (G-25) pre-ignited at 500°C for 5 h. The samples were stored at 4°C for later analysis ranging from 7 to 30 days. Soil samples were analyzed as follows: pH, EC, and soluble salts were measured in 1:5 soil:water weight ratio (Rhoades, 1996) . Pyrite was determined as peroxide oxidizable sulfuric acidity (POSA) by the method of Lin and Melville (1993) . Bulk density was determined by the core method (Culley, 1993) . Sediments were collected by scooping then transferred to polyethylene bag. In the laboratory, they were quantitatively transferred into a Teflon beaker, heated on hotplate to dryness and then oven dried at 105°C until constant weight. The dry weights of 20 mg were digested by a mixture of either HNO 3 -HClO 4 for cation analysis or HCl-HClO 4 for sulfate analysis. Equal volume (10 mL) of each acid was added twice to the sediments, and was heated until strong fumes of HClO 4 were visible. The mixtures were then evaporated to about 10 mL before the addition of Milli-Q water Millipore to 100 mL and were then filtered through 0.45 µm Millipore cellulose filter. Both digestion procedures dissolved 85%w/w of the sediments. The blank digestion was con- ducted similarly but with no addition of sediment. In all samples, pH was measured by a TOA glass electrode pH meter model HM-21P, and electrical conductivity was measured by a TOA electrical conductivity meter model CM-14P. For the runoffs from acid sulfate soils, Na + and K + were analyzed by flame emission spectrophotometry of a Jarrell-Ash atomic absorption spectrophotometer model AA-782. Mg 2+ , Ca 2+ , Al 3+ , and Fe were analyzed by using a Thermoelemental AAS model 986, whereas those cations in the runoffs from acidic red soil, rainwater, drainage water and stream water were analyzed by using ICP-MS (HP 4500). Mn, Cu, Zn, and Cd in all samples were analyzed by using ICP-MS (HP 4500). DOC was analyzed by using a SHIMADZU TOC-5000A. The anions Cl -, NO 3 -, and SO 4 2-were analyzed by using a HITACHI ion chromatography model L-7470. Dissolved silicate was analyzed by molybdate blue method by using a HITACHI U-1500 spectrophotometer. Alkalinity was analyzed by titration with HCl after the addition of BCP indicator (pH = 5.20). Concentration of NO 3 -was used for calculation of charge balance but its concentration was found to be below that of rainwater (0.59 ppm; Table 1 ). Speciation and equilibrium calculations were done using MINTEQ computer program.
RESULTS
pH
The results of rainwater, runoffs from acid sulfate soils and surrounding acidic red soils, drainage water, stream water, and water-soluble extracts of the soils are presented in Table 1 . The pH values of rainfall during sampling show that the rain was acidic. When the rainwater passed through acidic red soil (AR. R1 and R2), the pH increased a little but still remained acidic. The runoffs from acid sulfate soils from both sites (AR. No. 1-5; OSH. No. 1-5) were more acidic and close to the pH of the soils. When the runoffs at Arashiyama were discharged into the road drainage, they were neutralized probably through the dissolution of carbonate minerals in the drainage materials. The pH of the runoffs at Ooshitai varied along the way to the stream. The pH of the stream water where runoffs were discharged did not show as strongly acidic as the runoffs but rather intermediate between those of the runoffs and that of average normal river water in the northern area of Okinawa Island (pH = 7.29; Kaneshima et al., 1979) . This small change in pH might be due to the small amount of the runoff, hence H + in the runoffs was neutralized immediately by the alkalinity of the stream water. The pH of the stream waters (Strw. 2 and 3) collected on fine day did not significantly differ from that of sample collected during rain event.
Soluble salts
In general, the electrical conductivity (EC) clearly discriminates the runoffs from acid sulfate soils and acidic red soil, drainage water, and stream water. The runoffs from acid sulfate soils had higher values of EC. The runoffs from acidic red soil had EC values greater than that of rainwater but lower than that of drainage water, which receives direct rain and runoffs from both acidic red soil and acid sulfate soils. The higher EC value of the drainage water over those of rainwater and runoffs from acidic red soil may be attributed to the contamination of ASS runoffs as well as the dissolution of drainage materials.
The concentrations of chloride ions in the runoffs from ASS especially in AR. No. 4 and 5 were significantly higher than those in the rainwater and in the runoffs from acidic red soil. If these concentrations were to be attributed to sea salts spray alone, they would be expected to be relatively similar in all runoffs regardless of the type of soil. Thus, the observation suggests that ASS samples still have marinogenic chemical species probably incorporated during the formation of sulfidic sediments.
If concentration of chloride ions is assumed to be conservative, the concentration ratios of chloride to other ions can be used to examine the interaction between rainwater and acid sulfate soils, red soil and mineral consisting in drainage materials. The concentration ratios of chloride to the other ions are shown in Table 2 . The ratios of Cl -:Na + indicate that rainwater from both sites contained a slight excess of Cl -compared to that of seawater. The ratio of Cl -:SO 4 2-in rain water from Arashiyama is less than one tenth of that of seawater while in that from Ooshitai is less than one fifth. In a small island isolated from the continent like Okinawa, if rainwater is free from airborne contamination, the ratios of its chemical species are not expected to deviate much from those of seawater. Hence these low ratios indicate a significant contribution by acid deposition (non marinogenic SO 4 2-). In the runoffs from acidic red soil (AR. R1 and R2), it was found that the ratios of Cl -to Na + and Mg 2+ decreased compared to those in rainwater while Cl -to Ca 2+ and SO 4 2-increased. The results can be attributed to adsorption/exchange processes, since Ca 2+ can replace well Na + and Mg 2+ on the surface of clay minerals. In the previous laboratory study (Vuai, 2001) , when river water was mixed with red soils, it was found that Ca 2+ was preferentially adsorbed by red soils. Another possible mechanism is co-precipitation of Ca 2+ and SO 4 2-, but this mechanism has smaller probability due to the low concentrations of the species. The calculated saturation indices (SI) showed that the solutions were under saturated with respect to gypsum (SI = -4.35 and -4.5). Drainage water at Arashiyama had relatively similar Cl -:Na + and Cl -:SO 4 2-ratios to those of rain water, while K + , Mg 2+ , and Ca 2+ deviated significantly. This deviation might be due to the dissolution of drainage materials.
The ratios of Cl -:Na + in the ASS runoffs from Ooshitai (OSH. No. 1-5) are lower than those of soil extracts and rainwater. A simple mixing of soil extracts and rainwater will provide the ratios at intermediate between them if these species are dissolved from the soil in the same ratio as in the soil extracts obtained in the present study. The decrease in the ratios indicates that Na + was contributed by other processes such as ion exchange. The ratios of Cl -to K + and Mg 2+ (except OSH. No. 3) are close to or at intermediate between rainwater and soil solutions. This implies that their concentrations were mainly governed by the interaction between the rain and the soil. The ratios of Cl -:Ca 2+ vary widely even within the soil profile. It is suggested that this variation might be due to the contribution from other sources such as dissolution from Ca-bearing materials.
In the case of the runoffs from ASS in Arashiyama, the ratios of almost all species vary widely. The concentration of chloride ions also varied widely; some samples contained very high concentrations such as 99 ppm and others as low as 14 ppm. This variation complicates a clear interpretation. Another possible mechanism that may lead to the scattering of ratios is an internal exchange between cations. Holland (1978) .
2) The average values of world river water from Holland (1978) . 3) The average values of river water from the northern part of Okinawa Island were calculated from data presented by Kaneshima et al. (1979) .
remarkably from those of river water, seawater, and even rainwater. This shows clearly the dissolution of pyrite oxidation products. In the stream water (Strw. 1) where runoffs from acid sulfate soil were discharged at Ooshitai, the ratios of Cl -to K + , Mg 2+ , Ca 2+ , and SO 4 2-deviate remarkably from those of world average river water as well as those of average river water from the northern area of Okinawa Island. The deviation can also be observed even between the samples collected during a rainy day (Strw. 1) and a fine day (Strw. 2 and Strw. 3) and between before the discharging point (Strw. 2) and at the discharging point (Strw. 1 and 3). These observations provide the characteristic signature of stream water being contaminated by runoffs from acid sulfate soils during rain events.
Acid stored
The peroxide oxidizable sulfuric acidity (POSA), a measure of pyrite content, reveals that Ooshitai samples contained relatively high amounts of unoxidized pyrite compared to Arashiyama sample (Table 3) . The values are lower than those presented by Lin and Melville (1993) and Sammut et al. (1996) . In many cases, fluvial inputs are the most important sources of infill materials of an estuary and therefore, to a large extent, determine the rate of expansion of coastal plains. Where coasts prograde slowly, intertidal environments tend to persist at given location for a long time and this favors the accumulation of a large amount of pyrite. In a rapidly prograding coasts, the time available for accumulation of pyrite is insufficient, resulting in little pyrite accumulation in the sediments (Pons and van Breemen, 1982) . Therefore it is likely that the low pyrite contents in our samples might be attributed to above mechanism.
If it is considered that the areas in which ASS spread have an oxidizable depth (D) of 1 m (Sammut et al., 1996) , the pyrite content can be estimated as:
Where A is an area covered by ASS, ρ is a bulk density and P is a percentage weight of pyrite in the soils calculated from the POSA values. The results show that at least 30.7 and 721 kg of pyrite are prone to oxidation in Arashiyama and in Ooshitai, respectively. The oxidation reaction of pyrite can be expressed by Eq. (2). 
According to the equation, 50.1 and 1180 kg of H 2 SO 4 and 14.3 and 337 kg of Fe 2+ may be produced in Arashiyama and in Ooshitai, respectively. The acid will apparently dissolve aluminum and other acid-soluble metals. Furthermore Al 3+ hydrolysis will produce H + in the aquatic environment. The hydrolysis of Fe 2+ will produce H + and consume oxygen (Eq. (3)), which will result in water relatively low dissolved oxygen. 
Acid drained
The pH values in general is taken as a mea- Table 1 shows that Arashiyama samples contained more acid components than Ooshitai samples. However, the pH was generally lower in Ooshitai than in Arashiyama. This observation suggests that the pH value alone cannot be a good indicator of the acidity of the runoff. Cook et al. (2000) found that titratable acidity of water draining from ASS related much close to the dissolved aluminum than pH.
Sulfate concentrations strongly correlate with electrical conductivity values as well as pH values. These are the typical relationships for water receiving products of oxidation of pyrite minerals (Grutzmacher et al., 2001) . The correlation signifies that the dominant dissolved anion species was sulfate. At low pH values encountered in the samples, all strong acid can be estimated as sulfuric acid. Considering the rain intensity (10 mm during the sampling day) the production capacity of H 2 SO 4 per unit area can be estimated as follow:
Production capacity = RC/1000.
Where R is rain intensity (mm) assuming that during rain event evaporation has small effect and C is average concentration (mg L -1 ) of H 2 SO 4 calculated from SO 4 2-values in Table 1 . The results show that production capacity of H 2 SO 4 per given area equal to 10 and 2.0 gm -2 for Arashiyama and Ooshitai, respectively (Table 3) . Wilson et al. (1999) estimated the average monthly discharge of H 2 SO 4 as 90-317 t from the ASS covering 859.3 km 2 . Normalizing these values to gm -2 , they correspond to 0.1-0.3. In a long period consideration, evaporation effect should be included. The annually average evapotraspiration in Okinawa is estimated to be 50%. This will decrease our estimation by half. Thus, even with this consideration the production is still high.
Behavior of dissolved aluminum
Dissolved aluminum in the runoffs from ASS was significantly high especially in Arshiyama and showed pH dependency (Fig. 2a) . The concentrations were dominated by Al 3+ and Al(SO 4 ) + which comprised more than 80% of total dissolved concentration. Nguyen Thanh Tin and Wilander (1995) reported that Al 3+ was dominant in the water draining from ASS. The logarithmic relationships between concentration of Al (mmolar) and pH give the slopes clearly less than 3 (Fig.  2b) . If solution is in equilibrium with respect to gibbsite Al(OH) 3 , amorphous Al (OH) 3 , or kaolinite (Al 2 Si 2 O 5 (OH) 4 ), the slope is expected to be close to 3. In addition to that the molar ratios of Al:Si in Arashiyama samples range between 9:1 to 158:1 while those in Ooshitai range between 0.6:1 to 1. Aluminosulfate minerals may control aluminum solubility in those environments in which the stoichiometric amount of labile sulfur exceeds that of aluminum. This occurs in weathered acid sulfate soils (Lindsay and Walthall, 1996) . Van Breemen (1973) and Sullivan et al. (1988) showed that a basic aluminum sulfate mineral having the stoichiometry of AlOHSO 4 controlled solubility of aluminum in acid sulfate soils and acid mine water that were supersaturated to alunite (KAl 3 (SO 4 ) 2 (OH) 6 ). This hypothesis was examined in the present study, and the results are shown in Fig. 2c 
Dissolved iron
As aluminum, dissolved iron was higher in Arashiyama samples than in Ooshitai samples and almost exist as Fe 2+ (Fig. 3a) . Iron(II) is unstable under oxic condition it can quickly oxidize to iron(III) with half life as low as 3.3-5.5 min (Sung and Morgan, 1980) . The relationship between iron concentration and pH in Arashiyama samples is good, but it is poor in Ooshitai samples. The logarithmic relationships between Fe concentration (mmolar) and pH are shown in Fig. 3b . In the pH encountered in the present study, amorphous (Van Breemen, 1973) . Encircled points represent runoffs from acidic red soil and rainwater.
Fe(OH) 3 exists in equilibrium with both Fe(OH) 2 + and Fe(OH) 2+ (Stumm and Morgan, 1981) . The value between 1 and 2 is expected as a multiplier of pH (Sammut et al., 1996) . The value found in the present study is consistent with this range for Arashiyama samples but not for Ooshitai samples.
Manganese, Zinc, Copper, and Cadmium
In contrast to aluminum and iron, the concentrations of Mn, Zn, and Cu were higher in Ooshitai samples than in Arashiyama samples (Figs. 4a and  4b) . The most abundant was manganese (30-264 ppb) followed by zinc (4-83 ppb), and copper (1-3.8 ppb). Cadmium was detected only in five samples (0-5 ppb). Sammut et al. (1996) reported Mn: 240-900 ppb, Cu: 2-170 ppb and Zn: 30-160 ppb while Cook et al. (2000) reported average of Cu: 1 and 17 ppb and Zn: 40 and 220 ppb. Although the values are not higher to have immediate threat to the environment, but continuous deposition may accumulate and cause significant impacts. Furthermore the concentrations are significantly higher compared in the stream water not receiving ASS runoffs (Vuai et al., in preparation) . The sources of Mn may be either carbonate minerals or substitution from aluminosilicate minerals (Jurjovec et al., 2002) . The results of present study cannot distinguish between these sources. Blowes and Jambor (1990) found that Mn concentration in pore water of the vadose zone of the sulfide tilling approached the saturation with respect to rhodochrosite (MnCO 3 ). However, they did not isolate rhodochrosite in mineralogical analysis and hence they attributed to adsorption/ co-precipitation reactions. Zinc sulfide mineral (sphalerite; ZnS) is a possible mineral in pyritic environments. Jurjovec et al. (2002) found that this mineral controlled Zn concentration at pH below 2. At medium pH range, they observed that Zn concentration was controlled by desorption from ferrihydrite (Fe(OH) 3 ), or dissolution of ferrihydrite and release of co-precipitated Zn from within the ferrihydrite structure. If ferrihydrite controls the concentration of Zn, a positive correlation between Fe and Zn concentrations is expected. Indeed the results of the present study show a very strong correlation between concentrations of Zn and Fe for Ooshitai samples (Fig.  5) . The concentration of Zn when iron is zero in the plot may be attributed to the rainwater contribution. As it can be seen in Table 1 and from the result of Iwasaki (unpublished) rainwater contains appreciable concentration of Zn.
The possible Cu minerals found in high pyrite content soils are chalcopyrite (CuFeS 2 ), tennantite, tetrahedrite, and bornite (Jurjovec et al., 2002) . The oxidation of chalcopyrite releases Cu in solution but subsequently precipitates as covellite (CuS) resulting in a higher concentration of Cu in a solid phase. In the soil samples oxidized by H 2 O 2 and then extracted by Milli-Q water Millipore, the concentration of copper was significantly higher (Data not shown). In addition to that, water-soluble extracts of the acid sulfate soils from both sites show that copper concentrations were higher than those found in runoffs. It is possible that the above mechanism controlled Cu concentration. The formation of secondary covellite was inferred to control aqueous Cu concentration in the Heath steel tailings impoundment in Northeastern New Brunswick (Boorman and Watson, 1976) , and in the Waite Amulet tailings impoundment in Quebec Canada (Blowes and Jambor, 1990) . Cadmium was observed in only five samples (four samples from Arashiyama and one from Ooshitai). Every sample in which Cd was found, it contained high concentrations of Ca 2+ , Mg 2+ or both (Table 1 ). In the tidal swamp environments where are potential ASS environments, carbonate minerals may be deposited as clastic materials or can be accumulated in situ through chemical precipitation or, more commonly, as shell beds (Dent, 1986) . They remain with ASS as long as anoxic condition exists, when the oxidation of pyrite occurs, the produced sulfuric acid dissolves them resulting in release of Ca 2+ , Mg 2+ and other metals associated with them. Thus, the observation suggests that Cd concentration was probably a result of the dissolution of carbonate minerals. The adsorption of Cd to calcite surfaces has been reported by Fuller and Davis (1987) , Davis et al. (1987) and Stipp et al. (1992) . Jorjovec et al. (2002) found an increase in Cd concentration at a pH of 2. At this pH and that obtained in the present study, it is likely that all carbonate minerals had been dissolved.
Sediments quality
Both digestion methods produced relatively similar values, hence the results of HCl-HClO 3 digestion are presented here because the same fraction was used to determine sulfate. The percentage values of Al, Fe, Mn, Zn, and SO 4 are shown in Table 1 . These elements account for 43.4% of the total weight of sediments, and Na, K, Mg and Ca account for less than 1%. The domination of these species in the sediments, which were also the most dominants in the runoffs, suggests that the sediments were mainly formed due to the precipitation of the metals when runoffs met stream water. The most dominant element was Fe followed by Al, SO 4 , Mn, and Zn. Cu was below blank value. The undetectable amount of Cu might be due to its low concentration in the runoffs. The sediments in stream receiving acid rock-drainage were also reported to be dominated by Al, Fe, and SO 4 (Munk et al., 2002) .
Dissolved organic carbon (DOC)
The runoffs from ASS collected from both sites had higher values of DOC than those from acidic red soil and stream waters ( Table 1) . The accumulation of pyrite in ASS is often associated with mangrove-inhabited intertidal environment (Lin and Melville, 1992) , because these provide generally anaerobic, organic-enriched sediments with high concentration of Fe. Therefore high DOC values in the runoffs from ASS might be attributed to these organic-enriched sediments.
DISCUSSION
The hydrogen ions derived from ASS will inevitably dissolve carbonate minerals en route to the discharging water bodies. If these materials are not enough to neutralize the acid, it will attack clay minerals and dissolve Al and other acidsoluble metals. Al dissolution acts as a good chemical buffer, but the hydrolysis of Al 3+ increases hydrogen ions in the solution. Depending on the base saturation (Na + , K + , Mg 2+ , and Ca 2+ ) status of soil, these processes may lead to acidification of it. Acidified soil may affect the growth of vegetation and in other occasion to the death. Such a situation is typical in Ooshitai in the area surrounding ASS. In some cases, the management of these soils may be costly and often uneconomical. The northern area of Okinawa Island, where ASS is found, is dominated by red soil. The red soil has low calcium content , low in base saturation, and it is dominated by exchangeable Al (Tokashiki, 1993) . The quality of red soil may exacerbate the problems.
Concerning aquatic environments, runoff from acid sulfate soils has been reported to acidify even water within a tidal reach (Sammut et al., 1996; Cook et al., 2000; Wilson et al., 1999) , and this is associated with the mortality of fish in estuaries (Sammut et al., 1995) . The estuarine water contains a high alkalinity, hence its resistance against acidification is strong compared to stream water. In Okinawa, rivers and streams are very narrow, low in ionic strength and the water mass is very small. It is obvious that the runoff effects will be severe in the streams of Okinawa. Although stream water did not show an extreme decrease in pH, but its chemistry was significantly changed. If the sample collected during fine day before discharging point (Strw. 2) is used as reference of uncontaminated water, it can be concluded that significant changes in alkalinity and sulfate concentrations and to less extent on pH and DO were observed on the rainy day sample (Strw. 1). Alkalinity was decreased by 3.7 times while sulfate concentration was increased by 3 times whereas pH was decreased by 0.18 units, however the dilution by rainwater may have contributed in the decrease in alkalinity and pH. DO decreased more from 74% in rainy day sample to 46 and 49% in fine day samples. The reasons for the decrease in DO need more detailed investigation, however it might be attributed to the consumption during the oxidation of Fe 2+ (Eq. (4)). The effects of runoffs in stream observed in the present study are not expected to be the maximum due to relatively low intensity of rainfall during sampling date. The magnitude of the effects in the discharging water bodies is expected to be high if a heavy rain event is preceded by a long dry period because in the dry period oxygen diffuses to the soil and oxidizes the pyrite, which results in the huge accumulation of oxidation products. When rain comes, they are flushed and discharged to water bodies and probably it will trigger the effects. These processes will repetitively occur every season for a long time until all pyrite has been oxidized. A complete oxidation and discharging period may take more than 1000 years (Sammut et al., 1996) ; hence the measures are required to mitigate these effects.
Other possible effects in aquatic environment are the destruction of native aquatic macrophytes followed by inversion of acid tolerant species (Sammut et al., 1994) , flocs sedimentation which can smooth and kill vegetation, and aluminum induced flocculation which has significant impacts on the composition of the benthic communities (Sammut et al., 1994) . Brown flocky sediments as explained previously were observed to have covered the entire surface of the streambed around discharging area even on the fine day, which was accompanied with low DO water. This indicates the flocculation and sedimentation of these species as a result of runoff-stream water mixing.
CONCLUSION
The runoffs from acid sulfate soils were very acidic and dominated by Al, Fe and SO 4 2-. Fe and SO 4 2-are products of oxidation of pyrite while Al dissolved from soil minerals and then precipitated as jubanite (AlOHSO 4 ) in the soil, which is then dissolved by rainwater. This solid phase was found to control the concentrations of Al in the runoffs and soil solutions. The consequences of the acidity of runoffs caused dissolution of metals as: Mn > Zn > Cu = Cd.
It was observed that in the area surrounding ASS and along the way which runoffs flow, many plants have been disappeared due to the acidity induced by the soil and the runoffs. When the runoffs were discharged in the stream, precipitation of chemical species took place as the results of neutralization process, which led to the formation and accumulation of brown flocky sediments at the confluent zone. The process decreased alkalinity, pH and DO and increased sulfate concentration in stream water.
